Résumé -Ce papier décrit l'utilisation d'une technique non linéaire par éléments finis pour la prédiction de l'amorçage d'une rupture ductile dans la mise en forme dynamique des matériaux. La distribution locale des variables est déterminée en relation avec les états de contrainte et déformation subis par le matériau. Ces valeurs sont ensuite utilisées dans six critères de rupture précédemment publiés pour prédire les sites d'amorçage.
INTRODUCTION
The initiation of ductile fracture may be the limiting factor in metalforming processes. It is important to identify the conditions within the deformed workpiece which may lead to fracture. For occurrence of cracks at the free surface, the fracture criterion can be constructed experimentally. However, for predicting internal fracture, formulations of fracture criteria under general large deformations are required. It has long been known that plastic deformation is not the only determinant factor of the ductile fracture of metals. Plastic deformation at fracture is highly dependent on the state of stresses and strains. A modelling of the fracture criteria must be added. Many attempts have been made in the past to discover various satisfactory fracture criteria. It seems reasonable to assume that any criterion of fracture will be based on some combination of stress and strain rather than on either of these quantities separately. Knowledge of the plastic strain history prior to fracture permits the corresponding stress components to be evaluated in the usual way using the theory of plasticity. Combined stress-strain calculations may then be performed to assess various empirical mechanical criteria of fracture. There are two types of fracture criteria (Fig.l) . The first one is "macroscopic fracture criteria" or "empirical criteria", and the second one is "microscopic fracture criteria" or "criteria of void growth". The first type concentrates more on the continuum effects of the microscopic processes leading to ductile fracture and it provides a simplified condition for fracture without taking into consideration the gradual increase of internal damage during deformation of ductile materials. It requires substantial experimentation to determine the parameters required to produce a fracture prediction. It is obviously advangeous to keep the number of experimentally determined the parameters in any fracture criterion to a mininum. Therefore, those criteria which consider the continuum effects of the processes leading to ductile fracture can most easily be used in conjunction with finite element stress and strain fields. However, the more realistic fracture criteria for ductile metals belong to the second type. In this case, the process by which fractures occur in metal has been widely modelled as micro-void initation and growth followed by coalescence to form a crack. Now six previously published fracture criteria have been implemented. The main purpose of this paper is to examine the ability of these criteria to predict fracture initation sites in dynamic metalforming processes.
FRACTURE CRITERIA

Freudenthal's model
Freudenthal [lO] proposed that the absorbed energy per unit volume is the critical parameter at fracture, that is:
where Cl-is the critical material dependent value at fracture; 0 is the generalised stress; € is the generalised plastic strain. The subscript f denotes the value at fracture. This criterion does not consider the influence of hydrostatic stress and high tensile stress explicitly and sometimes it is contrary to experience. For example, in the simple tensile test, cracks are usually formed owing to high tensile stress, but this criterion predicts that neck shape should have no effects on the fracture strain directly. However, reports[5-71 pointed out that it is the simplest and best fracture criterion among all of the other criteria. Cockroft and Latham[ll] proposed that it is the principal tensile stress, rather than the generalised stress, which is important in fracture initiation. They postulated that fracture occurs when the integral of the largest tensile principal stress component over the plastic strain path to fracture equals a critical value for the material, namely:
Cockcroft-Latham's model
where C2 is'the critical material dependent value at fracture and 0 is the maximum principal tensile stress. This criterion does not take into accoun? the influence of hydrostatic stress explicitly on fracture.
2.3 Brozzors model Brozzo et a1.[12] proposed an empirical modification of Cockroft and Latham's fracture criterion to consider the effect of hydrostatic stress explicitly. The modified equation is presented in the following form:
where C3 is the critical material dependent value at fracture and UM is the hydrostatic stress.
2.4 Ghosh's model Ghosh[l3] proposed a fracture criterion for plane strain based on the statistical process of shear joining of voids in the sheet metalforming. Here, we extend it to three dimensional state, that is:
where C4 is a material constant which is a modified form of a fracture stress parameter containing inputs from the size, volume fraction and growth rate of voids. U1, Q2, 0 are three principal stresses respectively. where C6 is the material constant, U and U principal stress components along the b major and minor axes, respectively, ? i the work hardening exponent of the material which obeys the following power hardening law:
There are two other equations for the coalescence of holes with their axes parallel to the other principal axes. This criterion is more valid for fracture in the solid subject to high triaxial tensile stresses.
EQUATION OF MOTION ANI) ITS TIME INTEGRATION
Equation of Motion
The general formula of the incremental finite element equation of motion using the principle of virtual displacement is
where, (u), (U) = vectors of nodal accelerations and velocities respectively = mass and damping matrices respectively = vector of equivalent nodal forces due to external loads IFint) = vector of equivalent nodal forces due to internal element stresses
The internal stresses include the contributions of not only the classical isoparametric 2D, axisymmetric and 3D elements but also of the isoparametric contact finite elements. Equation of motion ( ' 8 ) must clearly be integrated forward in time to produce the dynamic response. Both explicit and implicit time integration methods may be employed for this purpose.
Ex~licit Time Integration
According to the central difference formulae: 2 ( u ) , , (11) where the stability factor 1( is taken to'be 0.5 for 2D analysis 0.3 for 3D analysis; L is the smallest distance between adjacent nodes of any element with the same material; E is elastic modulus; V is Poisson's ratio; p is the mass density.
Substituting equations (9)- (10) 
RESULTS AND DISCUSSIONS
By using the finite element program LAGAMINE connected with the fracture criteria mentioned above, numerical predictions of the fracture initiation sites are obtained, thanks to the accumulative values of each fracture criterion found at each Gauss integration point of the finite element mesh. As an attractive example, let us consider a dynamic modelling of forging of steel at 1150 "C. High strain rates and large variations of the contact area are effective in this example. The material properties of workpiece are assumed to be represented by an elastic-visco-plastic constitutive equation in which all the parameters are determined according to the temperature : Young's elastic modulus ~= 1 . 2x105 MPa; Poisson's ratio U-0.4; strain rate exponent n-9.259; strain rate coefficient B-0.034; initial yield limit Ko=50MPa; mass density p=7800kg/m3. For definition of contact element, the penalty coefficient on the contact pressure and on the shear frictional stress K ,K -5x1013~/m, the penalty coefficient = 5x1013 N/m, and the Coulomb's friction Zoefficient 60.3 are chosen. This simulation corresponds to a practical case of metalforming in which a fracture was observed during the forming process. Althought the actual piece was three dimensional, the region in which the crack developed could be adequately modelled as axisymmetric (Fig.2) . Furthermore, due to the existence of an horizontal plane of symmetry, only one half of the piece is discretized. Since the strains are very large, the choice of an appropriate initial finite element mesh becomes a very important aspect. In fact, it is necessary to make sure that the simulation results are practically mesh independent. Therefore, three different meshes are used (shown Fig.4 ): "MESHln 6-nodes finite elements with constant mesh density; "MESHPn 6-nodes finite elements with variable mesh density; "MESH3" 8-nodes finite elements with variable mesh density. The time curve of imposed displacement of the upper die is described Fig.3 . The initial velocity-7m/s and initial acceleration 1926.1m/s2 of the die are selected in order to satisfy the continuity condition. Fig.4 shows the initial meshes (solid line) together with corresponding deformed configurations (dashed line) at time t=O.Sms obtained by static, implicit or explicit dynamic formulae. At this time, fracture initiation sites of workpiece near the corner of the die can be observed experimentally. On Fig.4 we can observe that the element near the right corner of the die are severely distorted. This means that the finite element mesh should be refined in the region of the flash and that the solution presented on Fig.4 does not model the flash with precision. However, we are more interested in the region near the left re-entrant corner of the die, where the mesh is not too distorted. All the numerical simulation show that the accumulative values of the six fracture criteria present a very sharp maximum near this corner at time t-0.5ms. These values are given in table 1, The location of these maxima are indicated by a cross on Fig.5 (the results given by implicit simulation of MESH 3). On the same figures, other crosses appear, in the flash region. These mean that the accumulative values at these Gauss integration points are equal or larger than that at the point near the left corner. Hence, in the flash, there are some points at which the critical value is larger than at the point near the left corner of the die, However the flash will be cut off at the end of the forging process. Furthermore, it was pointed out that the solution in the flash is not reliable because of the excessive mesh distorsion. Table 1 shows the wide agreement of accumulative values of each criterion given by different meshes, different time integration schemes. The differences may be due to the discretizations. Fig.5 indicate that the fracture initiation locations based on each criterion are almost the same, and the damage accumulations are very local near the left corner of the die which is identical to the experimental results. This may be due to the existence of high stress concentrations and the localization of strains near the corners. -Time CONCLUSIONS-In this paper the numerical analysis for dynamic metalforming has been presented. The numerical results produced by finite element analysis have been used to give predictions of fracture initation site for six previously published fracture criteria. According to the given numerical example we can conclude that irrespective of the type of meshes and time integration schemes, the critical accumulative damage of each criterion is almost constant; regardless of the kind of criteria the fracture initiation occurs at the same location which agrees with the observation of the experiment. Therefore, the fracture criteria may be appropriate to assess some metalforming processes. 
